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Disruption of T Cell Tolerance to Self-Immunoglobulin Causes
Polyclonal B Cell Stimulation Followed by Inactivation of
Responding Autoreactive T Cell$

Arpita Choudhury, Paushali Mukherjee, Sandip K. Basu, Anna George, Satyajit Rath? and
Vineeta Baf

Scavenger receptor (SR)-specific delivery by maleylation of a ubiquitous self-protein, lg, to SR-bearing APCs results in self-
limiting induction of autoimmune effects in vivo. Immunization with maleyl-lg breaks T cell tolerance to self-lg and causes
hypergammaglobulinemia, with increases in spleen weight and cellularity. The majority of splenic B cells show an activated
phenotype upon maleyl-lg immunization, leading to large-scale conversion to a CD13&henotype and to significant increases in
CD138-expressing splenic plasma cells. The polyclonal B cell activation, hypergammaglobulinemia, and autoreactive Ig-specific T
cell responses decline over a 2-mo period postimmunization. Following adoptive transfer, T cells from maleyl-lg-immune mice
taken at 2 wk postimmunization can induce hypergammaglobulinemia in the recipients, but those taken at 10 wk postimmuni-
zation cannot. Hypergammaglobulinemia in the adoptive transfer recipients is also transient and is followed by an inability to
respond to fresh maleyl-lg immunization, suggesting that the autoreactive Ig-specific T cells are inactivated peripherally following
disruption of tolerance. Thus, although autoreactive T cell responses to a ubiquitous self-Ag, Ig, are induced by SR-mediated
delivery to professional APCs in vivo resulting in autoimmune pathophysiological effects, they are effectively and rapidly turned
off by inactivation of these activated Ig-specific T cells in vivo. The Journal of Immunology,2000, 164: 1713-1721.

pends crucially on the generation of a self-reactive im-which constitute the first signal for T cell activation, have been

mune response despite the presence of mechanisms maisuggested to be important for optimal T cell activation (22, 23).
taining a state of immune self-tolerance. Normally, both the B andThe presence or absence of costimulatory molecules of the B7
T cells are negatively selected during their development, and aufamily (CD80, CD86) on the priming APCs has also been shown
toreactive cells can be eliminated by apoptotic deletion (1-4). Deto modify the outcome of TCR-mediated T cell activation (24-26).
letional mechanisms operate more stringently for T cells rathett has been documented that a large proportion of peptides nor-
than for B cells (5, 6), and hence the frequency of finding autore-mally present on MHC molecules are derived from APC endoge- “3
active B cells in the mature peripheral repertoire is higher than thahous sources (27-29). There have been suggestions that, for thosg:>
for the T cells (6-9). In the periphery, autoreactive mature B andT cells that have been anergized, the persistent presence of theits
T cells that have escaped deletion are turned off by a variety ofarget peptide-MHC complexes on peripheral professional APCs is a

T he pathogenesis of diseases considered autoimmune ddensity and duration of availability of peptide-MHC complexes,

[ounLUW 1 MAM LUOJ J pape0 [UMOQ

mechanisms (10-13). Despite multiple mechanisms being availnecessary to maintain a state of anergy (30). Y]
able for silencing autoantigen-specific immunocytes, their pres- In this context, we have been trying to examine how autoim- N
ence can be documented in normal individuals (14, 15), suggestingiune T cell responses against a ubiquitous self-Ag induced in vivo 5

leakiness in the mechanisms inducing and maintaining self-tolerby disrupting normal T cell tolerance are regulated. For this pur-
ance. Such autoreactive B and T cell responses can be detectpdse, we have used maleylated self-Ags. Protein maleylation con-
with increasing frequency in aging populations (16—18), even infers on them the ability to bind to scavenger receptors (5@4)-
the absence of any demonstrable pathological consequences (1I). Although classical SRs are restricted to cells of the monocytic
18). Thus, autoreactive immunocytes by themselves, even whelineage such as macrophages and dendritic cells (DCs) (33, 34),
triggered in vivo, may not be sufficient for inducing autoimmune other receptor molecules with the ability to bind SR ligands have
disease. also been shown to be present on B cells (34, 35). Thus, protein
Naive T cells are activated when professional APCs present Agnaleylation allows the specific delivery and presentation of the
and deliver Ag-nonspecific costimulatory signals (19-21). Theprotein to all APC lineages, B cells, macrophages, and DCs (35),
inducing enhanced T cell immunity (36). Using the maleylated
self-Ag mouse serum albumin (MSA) for immunization, we have
Received for publication June 29, 1999. Accepted for publication December 1 1999$hown egrller that :.an effective T cell response rgcognlzmg multiple
o o ) ' "MSA-derived peptides can be demonstrated in vitro (37). How-
e b et o *9%ver, despite the presence of these acivated MSA-specific T cell
with 18 U.S.C. Section 1734 solely to indicate this fact. as well as of MSA-peptide-loaded APCs, no autoimmune phenom-
L This work was supported in part by research grants from the Departments of Bio€N& could be demonstrated in vivo. It was therefore also of interest

technology and Science and Technology, Government of India, and from Hoechst
India Limited (to S.R., V.B., and A.G.). The National Institute of Immunology is
supported by the Department of Biotechnology, Government of India.
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Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00


http://www.jimmunol.org

1714 INACTIVATION OF AUTOREACTIVE T CELLS AFTER BREAK IN TOLERANCE

to examine whether this was because the self-reactive T cells trigwith [*H]thymidine, and proliferative responses were measured and ex
gered by APC-specific delivery of maleylated self-Ags were inca-Pressed as above.

pable of functioning in vivo, or because Ag-specific factors deter'Carrageenan treatment for macrophage depletion
mine the in vivo reactivity and the pathophysiological

cops?t?_uerlczs of the aut?reactl\;e T (;E"s trlglgfgeretd._ | hich Sigma) (1 mg/mouse) i.p. every second day (42). On the eighth day, mice
n this study, we report use ol another sefl-protein, 19, Which, yere immunized with Ig or maleyl-lg as described. The protocol was op-

unlike MSA, is normally synthesized by one class of MHC classtimized by varying dosage and schedule to ensure complete depletion of
ll-expressing APCs, the B cells. This was also of interest in themacrophages as judged by absence of Mac-1-bearing cells using anti-
context of the reported data that though naive B cells can induce £P11b mAb (TIB128; American Type Culture Collection (ATCC)) in the

. pleen on the day of immunization and for 5 succeeding days (data not
cell anergy (38), activated B cells can break T cell tolerance to hown). This in vivo treatment did not deplete B cells and DCs as seen by

§e|f-Ag they are specific for (39). OUT results using maleyl-lg as aow cytometry. DCs were also isolated from splenic cells of carrageenan-
immunogen show that self-lg-specific T cells can be generated ifreated or control mice on the eighth day as described below and used as
vivo, that the break in T cell tolerance against Ig causes short-livedPCs for anti-CD3-induced thymocyte proliferation.

polyclonal B cell activation and hypergammaglobulinemia in vivo, Ab assays

and that the activated lg-specific T cells are inactivated following
their triggering. Estimation of total Ig in the sera was done by enzyme immunoassays.
Polyvinyl chloride microtiter plates (Falcon; Becton Dickinson, Lincoln

Macrophage depletion in vivo was done by injectirgarrageenan (CGN;

. Park, NJ) were coated with affinity-purified goat anti-mouse Igg0ml)
Materials and Methods and test sera were titrated. The bound serum Ig was detected by adding goat
Mice, immunization, and cell transfers anti-mouse Ig peroxidase, followed lmyphenylenediamine (Sigma) and

hydrogen peroxide as revealing agents. Absorbance was read at 492 nm in
BALB/c mice (The Jackson Laboratory, Bar Harbor, ME), bred in the a microplate reader (Bio-Tek, Vinooski, VT). For determination of IgM,
small animal facility of the National Institute of Immunology (New Delhi, goat anti-mouse-lgM peroxidase was used for detection. For estimation of
India) were used for the experiments. Five to seven mice per group wergstal IgG, biotinylated anti-mouse-IgG followed by avidin-peroxidase con-
immunized i.p. with a single dose of 3@ of native or maleylated Ag in  stituted the detection system. For estimation of CA-specific Abs, plates
PBS or adsorbed on alum (Alhydrogel; Superfos, Vedback, Denmark). Fojvere coated with CA (1@g/ml), test sera were titrated, and bound Ig was
certain experiments, 30Q.g of maleyl-polyt-lysine-lg (see method of  detected using goat anti-mouse Ig peroxidase. Concentrations were calcu-
preparation below) was mixed with 1 mg of poly(G) or poly(C) (Sigma, St. |ated, in each instance, on the basis of a known standard titrated in parallel
Louis, MO) before immunization. Mice were immunized with conalbumin g the serum samples.
(CA) or maleylated cytochrome (cyt-c; Sigma) on alum. 30Q.g mouse
i.p., as indicated. Mice were bled from the retro-orbital plexus under in-Separation of splenic cell subpopulations
halation anesthesia, and sera were used for the estimation of Ab levels. ) ) . .
Mice were killed by cervical dislocation and single-cell suspensions fromP0oled splenic cells from appropriate groups of mice were incubated on
spleens were used for flow cytometric analysis, cell fractionation, and TPlastic plates (Comning Glass) for 1 h at 37°C to remove macrophages. The :
cell proliferation assays. Where appropriate, various cell combinationd’onadherent population was separated into B and T cells using magnetic
were injected i.p. in syngeneic recipients. The recipients weireadiated ~ P€ads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the
(300 rad) BALB/c mice. Wherever appropriate, the recipient mice wereManufacturer's instructions. Briefly, the nonadherent population was
immunized i.p. with maleyl-Ig in PBS (30@g/mouse). All animal exper- stained with ant]-BZZO-blotlrj on ice _for 45 min, washed, and strepta\_/ld_ln-
imentation was done using protocols approved by the Institutional AnimalaPeled magnetic beads (Miltenyi Biotec) were added. After a 15-min in-
Ethics Committee. cubation on ice, the cell suspension was applied to the magnetic column

and nonadherent T cells were washed through into the effluent. The column =
Chemical modification and conjugation of proteins was then removed from the magnetic field and adherent B cells were :‘C>

flushed out. The purity of the separated B and T cell populations was @
Pooled sera of normal BALB/c mice were salt precipitated with 40% am-checked by flow cytometry with anti-B220 for B cells and anti-Thy-1 for 4
monium sulfate, and the precipitate was dissolved in PBS, dialyzed, and" cells, and was commonly-95%. The separated cell populations were
applied to a protein A column (Pharmacia Biotech, Uppsala, Sweden) fovashed several times with Click's medium containing 10% FCS. Alterna-
further purification. The protein thus obtained was analyzed on a 10%ively, plastic nonadherent splenic cells were loaded onto a nylon wool
reducing SDS-polyacrylamide gel with appropriate m.w. markers to ascereolumn and nylon wool nonadherent cells were collected as T cells,
tain purity. Protein concentration was estimated with bicinchoninic acidchecked for purity using flow cytometry, and used for additional assays.
(Sigma). MSA (Sigma), poly-lysine (Sigma), Ig, or cyt-avere maley-  Purified T cells from Ig-immune or maleyl-Ig-immune mice and B cells
lated with maleic anhydride (Sigma) at alkaline pH as described previouslgeparated from naive syngeneic mice were mixed in a 3:1 ratio and injected
(40), followed by dialysis against PBS. The degree of maleylation wasi.p. into recipient mice where appropriate.

MMM LLOJJ Pape0 JUMOQ
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estimated from the loss of freeamino groups measured using trinitro- DCs were isolated from carrageenan-treated or control mice using neg-
benzenesulfonic acid (41). Only protein preparations wi0% maley-  ative selection by removing cells stained with mAbs against Thy-1, B220,
lation were used for the experiments. and Mac-1 followed with goat anti-rat Ig-coated magnetic beads on mag-

Poly--lysine or its maleylated form were mixed in a ratio of 3:1 with netic columns (Miltenyi Biotec). The mAb specific for the B cell-specific
Ig and chemical coupling was conducted by adding aqueous glutaraldehydgoform of CD45 (B220), 6B2, the anti-Thy-1 mAb Y-19, and the anti-
(Sigma) dropwise to a final concentration of 0.1%. The conjugates weraviac-1 mAb M17/4.2 (kind gifts from Dr. C. A. Janeway, Yale Medical
used for immunization after extensive dialysis. School) were used as culture supernatants.

T cell proliferation assays Flow cytometry

Spleen cells from immune mice were cultured with graded doses of Ag inFor flow cytometry, cells (X 10°-1 X 10°%well) were incubated with the
96-well flat-bottom microtiter plates (Corning Glass, Corning, NY) at primary staining reagents in 100 for 45 min on ice. Heat-aggregated
3-5 X 1P cells/well in 200ul of L-glutamine-fortified Click's medium  serum of the appropriate species (rat or goat) was used at 1% in the staining
(Irvine Scientific, Irvine, CA) containing 5 10> M 2-ME (Life Tech- buffer (PBS containing 0.1% sodium azide and 1% BSA) to block Fc re-
nologies, Grand Island, NY), antibiotics and 10% FCS (Life Technolo- ceptors. After washing, a similar procedure was followed for the secondary
gies). The wells were pulsed with Qu&Ci of [*H]thymidine (New England  and tertiary reagents wherever necessary. The mAb specific for the B cell-
Nuclear, Boston, MA) for 12—-14 h in a 96-h assay and harvested ontspecific isoform of CD45 (B220), 6B2, and the anti-Thy-1 mAb Y-19 were
fiberglass filter mats for scintillation counting (Betaplate; Wallac, Turku, used as either culture supernatants or in the biotinylated form. IgD expres-
Finland). Results are expressed as cpm (me&E) of triplicate cultures.  sion and peanut agglutinin (PNA) binding were detected by using fluores-
Triplicate cultures of thymoctes (8 10° cells/well) were stimulated by  cein-coupled anti-lgD or PNA (Accurate, San Diego, CA). CD138 was
a submaximal concentration of an anti-G&8Ab (500-A2; a gift from Dr. detected using an anti-CD138 mAb (PharMingen, San Diego, CA). Splenic
C. A. Janeway, Yale Medical School, New Haven, CT) in the presence oDCs were detected using the hamster mAb N418 (HB224; ATCC) and
splenic DC populations isolated from mice treated with carrageenan amacrophages by the rat mAb specific for Mac-1, M17/4.2 (TIB217,
described below or from control mice. The wells were pulsed after 48 hATCC). Primary unlabeled mAbs of rat or hamster origin were detected
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40000 40000 terestingly, these cells from individual maleyl-lg-immune mice
B also responded to preimmune serum from the same mouse. In con-
trast, cells from Ig-immune mice did not respond significantly to
300007 any of the three Ags used for recall.

To confirm that the proliferative response induced by maleyl-Ig

A
£ /\ £ was Ag specific and not due to some nonspecific mitogenic effect
g 20000 % & 200001

30000

of maleyl-lg, T cells from mice immunized with an unrelated
maleylated self-protein, maleyl-cgt-were stimulated with vari-
100001 ous maleylated Ags, self- as well as nonself. Maleyl-lg did not
evoke any response from maleyl-cyt-c-immune cells despite an
M excellent response to maleyl-aytitself (Fig. 1C), confirming, as

we have shown earlier (36), that maleyl proteins do not have non-

10000

e e e e Yo T e e specific T cell mitogenic activity. Thus, immunization with ma-
antigen (ug/ml) antigen (ug/ml) leyl-Ig results in a break in T cell tolerance for self-Ig.
20 Since Ig-specific T cells can potentially help 1g-expressing B
40000 c cells and induce Ig secretion, the levels of total serum Ig in the
= maleyl-lg-immune and Ig-immune groups were examined. Al-
% 15 though there was no change in serum Ig levels in Ig-immune mice
300007 £ at 2 wk postimmunization, the serum Ig levels of maleyl-Ig-im-
£ [ mune mice showed a significanp (< 0.05) increase (Fig. 1D).
5 20000 2 10 However, immunization with maleyl-MSA, which results in a
EE” break in T cell tolerance to MSA (37), did not lead to any increases o
3 in serum Ig levels (Fig. 1D), supporting the notion that the effect 2
100001 8 ° observed is an Ag-specific B cell differentiation to plasma cells and 3
&gﬁ not a nonspecific inflammatory component of an autoimmune g
0 : : o response. 8
107 10" 10° 10" 102 Ig maleyl-lg maleyl-MSA =
antigen (ug/ml) immunogen Targeting of Ags to scavenger receptors in vivo is crucial for a 8
o ) ) ) ) break in tolerance
FIGURE 1. Immunization with maleyl-Ig results in autoreactive anti-lg N ] ) ] g
T cell responses and hypergammaglobulinemia. Proliferative responses &ft addition to maleylated proteins, SRs bind to many other ligands =
splenic cells from maleyl-lg-immune (A) and Ig-immune (B) mice to ma- (31-33, 40), and we have shown previously that SR-like binding I
leyl-1g (O), Ig (CJ), and autologous preimmune serum (@) are shown. Thecapabilities are exhibited by all professional APCs (35), although é
background counts were3500 cpm. The results are representative of classical SRs are known to be present only on cells of the mono- 3

seven experiment&, Proliferative responses of splenocytes from maleyl- cytic lineage (31, 33, 34). To examine the role of macrophages in g

cyt-c-immune mice to maleyl-cyt-(®), maleyl-lg (O), maleyl-MSA (4),  presentation of self-Ags to generate autoimmune responses, wea

and maleyl-OVA (). The _results are represe_ntatlve of four expenmentsUsed CGN to deplete macrophages of their functional capability at :3>
D, Serum Ig levels from Ig-immune, maleyl-lg-immune, and maleyl-MSA-

immune mice on day 0 (%) and day 14 (W) postimmunization (mean the time of immunization. A week after immunization with maleyl- §

SE). The data represent three independent experiments. Ig, mice were sacrificed and T cell responses _to maleyl-lg were @
analyzed. Fig. 2Ahows the responses of splenic cells from two &

normal mice and two CGN-treated mice immunized with ma-
using goat anti-rat or anti-hamster IgG-FITC, respectively, whereas bioleyl-lg 7 days earlier. Although normal mice showed significant 5
tinylated reagents were detected using streptavidin-PE (Jackson Immuesponses to maleyl-lg, CGN-treated mice mounted very weak re-

noResearch, West Grove, PA). Stained cells were either analyzed imm%‘ponses to maleyl-lg immunization. Unlike macrophages, DCs are
diately or fixed with 0.1% paraformaldehyde (Sigma) and stored at 4°Cnot depleted by carrageenan treatment. whereas macrO’ hages are
until analyzed on a flow cytometer (Bryte; Bio-Rad, Hemel Hampstead, P y 9 ! phag

U.K.). Data analysis was done with FlowJo software (Treestar, San Jos&fficiently depleted (Fig. 2B). We also tested the DCs from carra-
CA), or with WinMDI shareware. geenan-treated mice to exclude the possibility that they were func-

tionally compromised by carrageenan. DC-enriched cells from car-
rageenan-treated or control mice were equally efficient in
Wherever appropriate, statistical analysis was conducted using Studentsupporting anti-CD3-mediated stimulation of thymocytes (Fig.
tiest. 2C). This supported the possibility that the partial loss of response
to maleyl-lg in carrageenan-treated mice was likely to be due to
the absence of macrophages, suggesting that macrophage APCs
may play a significant role in breaking T cell tolerance via maley-
lated self-Ags.

We have shown earlier that immunization with maleyl-MSA re- As an alternative approach to maleylation of the immunogen,
sults in a break in T cell tolerance of MSA (37). Whether this wasunmodified Ig was coupled to either maleylated or unmodified
an exclusive finding for MSA or held true for other ubiquitous poly-L-lysine and used as the immunogen (3a@mouse in PBS).
self-proteins was tested using Ig in its native or maleylated formFig. 2D shows that Ig coupled to unmodified palylysine does

for immunization. Seven days after immunization with 309 of not alter the serum Ig levels in immunized mice. However, like
maleyl-lg or Ig on alum given i.p., mice were sacrificed. Fig. 1 maleyl-lg immunization, immunization with Ig coupled to maleyl-
shows proliferation of splenic cells from mice immunized with poly-L-lysine induces substantial hypergammaglobulinemia on day
either maleyl-Ig (A) or native Ig (B) in response to titrated Ag 14 postimmunization. Addition of a 3-fold excess of the SR ligand,
doses. Splenic cells from maleyl-Ig-immune mice responded welpoly(G) (40), to the maleyl-poly-lysine-lg during immunization
not only to maleyl-Ig but also to Ig, albeit to a lesser extent. In-results in marked inhibition of hypergammaglobulinemia €

Statistical analysis

Results
Immunization with maleyl-lg breaks T cell tolerance to Ig and
causes hypergammaglobulinemia in vivo
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FIGURE 2. Break in tolerance to Ig is dependent on targeting of Ig to :C_> o
SR-bearing APCs such as macrophagesResponses of individual ma- Q
leyl-lg-immune mice to maleyl-lg when mice were pretreated (broken line) 0 S
or not pretreated (continuous lines) with CGN. Background counts were maleyl-ig Ig )C>
7000-8000 cpm. The results are representative of two independent exper- immunogen b
iments.B, Flow cytometric analysis of spleen cells from mice pretreated fﬁ
(thick lines) or not pretreated (thin lines) with CGN, stained for either FIGURE 3. Break in tolerance to Ig results in B cell activation in vivo. N
Mac-1 or the DC marker N418 as indicated. Negative control curves aréd, IgM and IgG levels (meart SE) on day 0 (#) and day 14 (M) postim- N
shown in gray. The results are representative of five separate experimentunization from Ig-immune and maleyl-lg-immune mid®, Average )

C, Response of thymocytes to anti-COA the presence of titrating num-  spleen weight (mean: SE). C, Spleen cell counts (mean SE) from

bers of DCs from mice pretreated (broken line) or not pretreated (continvarious groups on day 7 postimmunization. The data represent four inde-
uous line) with CGN. Background counts were 3000—-5000 cpm. The datg@endent experiments.

are representative of two experimerids.Serum Ig levels (meart SE, for
five mice per group) on day O (&) and day 14 (M) postimmunization from
variously immunized mice as shown. Data represent three independe

t . . . . .
experiments. fom maleyl-lg-immune mice showed an increase in weight{

0.01) as well as cellularityg < 0.05) as seen in Fig. 3.

If the serum hypergammaglobulinemia seen in maleyl-Ig-im-
mune mice is the result of activated Ig-specific T cells triggering
0.05), whereas addition of a related molecule, poly(C), which is|g-presenting B cells in vivo, practically all B cells in these mice
not an SR ligand (40), does not do sp £ 0.4), suggesting that would be expected to be affected. To test this directly, we next
delivery of maleyl-polye-lysine-Ig via SRs is likely to be critical  examined the phenotype of splenic B cells by two-color flow cy-
for the effects seen in vivo. tometry. Splenic cells from maleyl-Ig-immune or Ig-immune mice
were stained 1 wk postimmunization for the B cell marker B220 vs
IgD or PNA reactivity as markers of B cell activation. Fig. 4A
shows that there was a significant reduction in the proportion of
The Ig isotypes affected by hypergammaglobulinemia were nextgD-bearing B cells in maleyl-lg-immune micé)(in comparison
examined, and it can be seen that both IgM and IgG levels went upo their Ig-immunized counterparta) although the frequency of
at 2 wk postimmunization in maleyl-lg-immune mice (Figd)3as  total splenic B cells was not significantly altered. Since IgD is
compared with those seen in Ig-immune mige< 0.01). Since  normally down-regulated by naive B cells upon T-dependent ger-
both primary and secondary Ig isotypes are affected, the B celininal center activation (43), this suggested that most naive B cells
stimulation observed is likely to be T cell dependent. In addition toin the spleens of maleyl-lg-immune mice were receiving activation
the hypergammaglobulinemia, on day 7 postimmunization, spleensignals.

Maleyl-lg immunization leads to polyclonal B cell activation
in vivo
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either IgD (plots aandb) or PNA (plots candd) on day 7 postimmuni- splenic B cells from Ig-immune and maleyl-lg-immune mice on day 70
zation. Plots aand ¢, Staining from Ig-immune anglots bandd from postimmunization. Two-color staining patterns are shown for B220 vs IgD
maleyl-lg-immune miceB, A similar analysis for B220 vs CD138 on day (@andb) or B220 vs PNA (@ndd) from Ig-immune (aandc) or maleyl-

7 (plots eandf) and day 14 (plots @ndh) postimmunization on splenic Ig-immune (bandd) mice. Numbers in various compartments show per-
cells from Ig-immune (plots andg) and maleyl-lg-immune (plotsandh) centage of cells. The data are representative of three |ndependent
mice. Numbers in various compartments show percentages of cells. ResuffPeriments.
represent four independent experiments.

clonal B cell activation by autoreactive T cells in maleyl-Ig-im-

An increase in the ability to bind to the lectin PNA normally mune mice progresses to terminal plasma cell differentiation of the
accompanies T-dependent B cell activation and germinal centehajority of activated B cells.
formation, and PNA binding is in fact treated as a hallmark of
germinal center B cells (43). As seen in FigA,4while only a
minor proportion of B cells in Ig-immune mice were PNAthe
majority of B cells in the maleyl-lg-immune mice acquired PNA- To examine the course of the putative autoimmune effects ob-
binding capabilities (d), although the frequency of total splenic Bserved in vivo, maleyl-lg-immune mice were bled sequentially and
cells was again unchanged. Thus, soon after immunization, beforgerum Ig levels were estimated. By day 42 postimmunization with
the peak of hypergammaglobulinemia is reached, the majority ofnaleyl-lg, serum Ig levels had returned to normal (Fig. 5A). By 10
splenic B cells in maleyl-lg-immune mice are in an activated statewk postimmunization, splenic weight and cellularity were again

Activation of B cells must lead to their differentiation into comparable between Ig-immune and maleyl-lg-immune groups
plasma cells before they can secrete large quantities of Ig (44). T€Fig. 5B). The phenotypic changes in B cells observed at early time
investigate whether most B cells triggered by lg-specific autorepoints also disappeared by this time as shown in F@. Bhe
active T cells activated by maleyl-lg immunization went on to give frequency of IgD-expressing B220B cells in maleyl-Ig-immune
rise to plasma cells, CD138 was used as a marker for plasma celgpleen cells (Fig. 5ay) was now only marginally lower than that
in flow cytometric analyses (45-47). Fig. 4Bows a two-color in control Ig-immune spleen cells (Fig. 5&), and there was little
analysis for B220 and CD138 in Ig-immungl6ts eandg) and  difference between the PNA-binding B cell frequencies in the two
maleyl-Ig-immune plots f and h) mice on day 7 and day 14 groups (Fig. 5C¢ andd). Thus, the presence of activated splenic
postimmunization. There were very few CD138plenic cells in B cells in maleyl-lg-immune mice decreases in concordance with
the Ig-immune mice at either time point. In sharp contrast, maleylthe reduction in the serum hypergammaglobulinemia.
Ig-immune mice had a large proportion of their BZ26ells ex . ) o . o .
pressing CD138 on day 7, although there were no classica'l:unCt'O”al inactivation of Ig-specific T cells in vivo over time
CD138"'B220 plasma cells seen. By day 14 postimmunization We next investigated whether Ig-specific T cells that are presum-
with maleyl-lg, however, such B220plasma cells had become a ably responsible for the observed hypergammaglobulinemia per-
major population (20%) in the spleen, and the frequency of B220 sist in vivo. Splenocytes from mice immunized with Ig or ma-
B cells had concomitantly declined. These data suggest that polyeyl-lg and sacrificed on day 70 postimmunization showed hardly
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produce hypergammaglobulinemia.
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The serum hypergammaglobulinemia seen in mice receiving g
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w
Ig-immune (d70) NN

Ig-immune (d14)
maleyl-lg-immune (d14)

day 14 T cells from maleyl-lg-immune donors declined over time
(Fig. 7) and by day 42 serum Ig levels had returned to pretransfer =
levels (data not shown), whereas there was no change in serum IgS§
levels in the day 14 Ig-immune T cell recipients. Both of these
FIGURE 6. Specific loss of Ig-specific T cell function in vivéA, T groups were then immunized with 3@@/mouse of maleyl-lg and
cell-proliferative responses in vitro from Ig-immun®)(or maleyl-lg-im- serum Ig levels were estimated 7 days later. Interestingly, recipi- =:
mune (O) mice to titrating doses of Ag either on day 8 (continuous Iines)ents of maleyl-lg-immune T cells did not show any change in
or day 70 (broken lines) postimmunizatidB, Serum anti-CA Ab levels . - .

serum Ig levels (Fig. 7), whereas recipients of Ig-immune T cells

(mean= SE) in Ig-immune or maleyl-lg-immune mice immunized with h d disti h lobuli . .
CA-alum on day 70 after Ig or maleyl-lg immunization, respectivély. showed distinct hypergammaglobulinemia £ 0.02), suggesting

The anti-CA-proliferative responses from the CA-immunized mic&jn  that once triggered by maleyl-lg, Ig-specific T cells respond and
preimmunized with either Ig (@) or maleyl-Ig (OP, Serum Ig levels in ~ cause polyclonal B cell stimulation, but at the same time become
iradiated syngeneic recipients after adoptive cell transfer. Ig levelsrapidly inactivated themselves.

(meanz= SE) in recipient mice before transfer (=) and 7 days after transfer

of normal B cells with T cells from the various groups are shown. Data areDjscussion

representative of three independent experiments.

maleyl-lg-immune (d70) m‘*

T cell donor

MMM W

We have shown earlier that SR-mediated delivery of foreign pro-

tein Ags results in the enhancement of immunogenicity (36), and
any response to in vitro stimulation with Ig or maleyl-lg (Fig\)6  that the immune responses so generated show a relative Thl dom-
Although T and B cell numbers are normal in mice immunized inance (35). The peptide repertoires generated from native protein
with Ig or maleyl-lg on day 70 postimmunization (data not shown),and maleylated protein are largely cross-reactive (35). Those re-
it is possible that they may not be functionally normal. We exam-sults suggested that higher densities of peptide-MHC complexes
ined the ability of these mice to respond to an unrelated Ag, CAgenerated on all three major APC types, B cells, macrophages, and
Fourteen days after immunization with CA on alum, mice from dendritic cells, and/or their persistence for longer periods in vivo
Ig-immune and maleyl-lg-immune groups showed comparablenay be relevant factors for regulating the type of immune response
levels of CA-specific Ab responses (Fig. 6B) as well as in vitro Ttriggered. We had also shown previously that SR-mediated deliv-
cell-proliferative response (Fig.3d, suggesting that the loss of ery of maleylated MSA can activate self-albumin-specific T cells
autoreactivity-associated phenomena was due to a specific fun€37), suggesting that such APC-targeted high-efficiency delivery of
tional loss of autoreactive T cells rather than to any global alterself-Ags may be instrumental in overcoming T cell tolerance.
ation in the functionality of the T or the B cell compartments.  However, in spite of the presence of MSA-reactive T cells in vivo,

To analyze the abilities of Ig-specific T cells to induce poly- no signs of autoimmune phenomena could be detected in these

clonal activation of naive B cells in vivo and to study their fate, T mice in vivo. One reason for this could be that the autoreactive T
cells purified from Ig-immune or maleyl-lg-immune mice 14 or 70 cells generated by maleylated self-protein immunization are poor-
days after immunization were adoptively transferred along withefficiency low-affinity leftovers from negative selection that can
normal B cells into syngeneig-irradiated recipients. The serum Ig show some evidence of activation under ideal conditions in vitro
levels in the recipients were then monitored over time. FI3. 6 but cannot function in vivo. An alternative possibility was that
shows that although mice receiving T cells from day 14 maleyl-anti-self-aloumin T cell responses do not cause autoimmune con-
Ig-immune donors showed marked hypergammaglobulinemisgsequences in vivo because of the possibly restricted distribution of
(p < 0.05), mice receiving T cells from day 70 maleyl-lg-immune their peptide-MHC ligands, but that a similar break in T cell tol-
donors or from both days 14 and 70 lg-immune donors showearance against some other self-Ags may do so. To test this possi-
normal Ig levels. These data indicate that only T cells from day 14bility, we chose another ubiquitous self-protein, 1g, which, unlike
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MSA, is synthesized and presented with high efficiency (48) byicity and affects macrophages more specifically than CGN (42, 51),
one class of professional APCs, B cells. Our results presented hegave similar results, both for maleyl-lg and maleyl-MSA (data not
show that maleyl-lg-immune mice show not only a break in T cellshown). Despite macrophage depletion, carrageenan-treated mice
tolerance detectable in vitro, but also show autoimmune consemmunized with maleyl-lg do show some T cell-proliferative re-
quences in vivo, although these autoimmune responses agponses in vitro (Fig. 2A), possibly due to the fact that while DCs
short-lived. are not numerically or functionally affected by CGN treatment
As a self-Ag source, we have used Ig isolated from pooled syn{Fig. 2, B andC), only a subpopulation of DCs shows the ability
geneic serum of BALB/c mice. However, it is quite possible thatto bind maleylated proteins (35), possibly leading to poorer DC-
there would be idiotypic differences in Ig from individual mice, mediated uptake and presentation of maleyl-lg to T cells. These
and therefore such pooled syngeneic Ig may be part “foreign” tajata suggest that functional macrophages contribute significantly
any recipient of immunization. Therefore, in addition to using to deliver and/or amplify the tolerance-breaking signals to autore-
pooled Ig in both native and maleylated forms as recall Ags inactive T cells, although it is not yet clear whether this is mediated
vitro, we used preimmune autologous serum from each |nd|V|dUaby simply larger amounts of peptide-MHC complexes being gen-
mouse as an additional source of Ig that would be completely selferated or by alterations dependent on costimulatory signals specific
Splenic cell proliferation assays done individually in this fashiong macrophages.
unequivocally demonstrate break in tolerance to self-Ig (Fig. 1). Using maleylated Ig to break T cell tolerance to Ig raises the
We have previously shown that maleylated foreign proteins are noyssipility that new epitopes generated on the modified Ig mole-
nonspecific mitogens for T cells, and the data shown in Fig. 1 cyle may in part be responsible for the triggering of autoreactivity,
confirm that this is true for maleyl-lg as well. and that the SR-specific delivery may not be crucial. Therefore, we
The results from our previous experiments with triggering T cell seq an alternate modality of Ig delivery to SRs without maleyla-
autoreactivity to mouse albumin suggested that the presence f, of the Ig itself by coupling it to a carrier without any T cell
activated albumin-reactive T cells in these mice had no d'scem'bl%pitopes, poly-lysine, that could be maleylated for SR-specific
pathophysiological consequences. The trivial explanation for thi%elivery. Maleyl-poly:-lysine-coupled Ig did indeed induce hy-
would have been that the autoreactive T cells triggered by maleybergammaglobuIinemia whereas paiysine-coupled Ig did not,

Iatﬁd trs]eltf-rp])roteln |mrr]n ur_uTatl_o nl ar_e !?W'aﬁ'n't¥’h lo‘:”iﬁ'tf]'etncy and the need for specific delivery of Ig to SR-bearing APCs for
cells that have no physiological sighificance. The fact tha r_na"lnducing a break in tolerance is clearly shown by the competition
leyl-lg immunization leads to increased serum Ig levels in vivo.

4 . o . in vivo of maleyl-poly+-lysine-Ig with poly(G) (but not poly(C))
(Fig. 1D), although immunization with maleyl-MSA does not, sug- leading to reduced hypergammaglobulinemia (Fig).2

gests that the trivial explgnatlon IS not t(_enable. It is much more Since mice showing a break in T cell tolerance for autologous Ig
likely that such autoreactive T cells are indeed capable of funC7show significant increases in their serum Ig levels, it appears that
tioning in vivo, and that the identity of the self-protein concerned 9 9 : 1t app

is decisive in determining the extent and outcome of their activityOnce triggered, Ig-specific T cells can recognize Ig-derived pep-

S . o tide-MHC complexes on B cells and activate them. Because it is
in vivo. The hypergammaglobulinemia is likely to be the result of ~ . ) . . .

s . - quite possible that the self-Ig peptides being recognized by these:

polyclonal activation of B cells regardless of their antigenic spec- ) . X . o o

autoreactive T cells are invariant, a single Ig-specific T cell may be «

ificity, since the levels of maleyl-lg-specific Abs generatetbQ ble tivat B cell ting th la-derived o
ng/ml; data not shown) are far lower than the increases observeg~'© [0 activale many B cells presenting the same 1g-aerived pep- 3

in serum Ig levels. One potential implication of this finding is that t_|de, r_esultlng n B cgll differentiation causing hy_pergamma_g'o_b“'
Ig-derived peptide-MHC complexes are presented far more emjmemla. This activation appears to extend to isotype _swnchlng,
ciently by B cells than MSA-derived peptide-MHC complexes are,Snce both IgM and 19G Ievel§ in serum are elevated (Fig. 3). Thg
despite the high concentrations of circulating serum albumin, rais€Xtent of hypergammaglobulinemia is comparable between vari- |
ing issues of the relative efficiency of natural peptide generatiorPUs '9G subclasses (data not shown), emphasizing the diversity of 3
from APC-endogenous vs APC-exogenous sources. B cells _bemg acu_vated. Also, _the weight _and the cellularity of the
For SR-mediated uptake, Ags in solution form are deliveredSPl€en increase in maleyl-lg-immune mice (Fig. 3), further rein-
efficiently. We have used alum as an adjuvant in some of thdorcing the extensive nature of the alterations taking place in vivo.
present experiments (Fig. 1), since we have observed that adsorp- 1€ Polyclonality of the B cells being activated is also evident
tion of maleylated foreign proteins on alum still leads to increased” the phenotypic characterization of splenic B cells (Fig. 4).
uptake into and presentation by macrophages as well as to eNVithin afew days of maleyl-lg immunization, most splenic B cells
hanced immunogenicity and a Th1 cytokine bias (data not showndown-modulate their surface IgD and acquire increased PNA-
However, similar results have also been observed with immunizaPinding capabilities, showing that they are being activated by T
tion using maleyl-lg in PBS alone (Fig. 2). We have also showncells. In addition, many of these B cells begin to coexpress the
previously that, in addition to macrophages, some DCs and most Blasma cell marker CD138, indicating that they may be in transi-
cells can bind to SR ligands such as maleylated proteins an#ion to plasma cell differentiation. In fact, by day 14 postimmuni-
present them to T cells (35). DCs are considered essential arggtion, this process appears to be well advanced, since the propor-
sufficient APCs to prime for foreign Ags (49, 50). The APC re- tion of B cells in the spleen dwindles and B22@lasma cells
quirements for the present break in tolerance are not clear. It wagecome a prominent population (Fig. 4). Thus, maleyl-Ig-triggered
therefore of interest to ask whether macrophage depletion in vivdg-specific T cells appear to be responsible for T-dependent acti-
could alter the efficiency of this break in tolerance. Since CGN isvation of most B cells, leading to hypergammaglobulinemia within
known to deplete macrophages in vivo (42, 51), we immunized2 wk after immunization.
mice with maleyl-lg during a period when splenic macrophages However, despite the continuous presence of endogenous Ag
were eliminated by CGN treatment, leaving DC and B cell popu-available for triggering Ig-specific T cells, the hypergammaglobu-
lations unaffected (data not shown). The results show (Aytizat  linemia is transient (Fig. 5A) as are the splenic hypercellularity
macrophage depletion results in a decrease in the degree of autd~ig. 5B) and the activated phenotype of splenic B cells (F&). 5
reactivity triggered by maleyl-Ig (Fig.A) and maleyl-MSA (data There are no further pathological consequences such as renal dam-
not shown). The use of desulfated CGN, which induces less toxage that we have been able to observe in these mice either (data not
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shown), possibly owing to the transient nature of the hypergam-6.
maglobulinemia. In fact, the rate of decline of the serum Ig levels
is rapid enough that, considered together with the known half-life
of circulating Ig, it is possible that all B cells responding in a small 8.
time window go through terminal differentiation to plasma cells.
This transience appears to be a consequence of the rapid loss of
functional Ig-specific autoreactive T cells, so that by 10 wk 10.
postimmunization, there are no T cells in the mice that can either
proliferate in response to self-Ag or provide help to B cells (Fig. 11.
6). Thus, once the initial B cells activated by triggered Ig-specific
T cells have gone to terminal plasma cell differentiation, the new,
B cell populations emerging from the bone marrow are no longer
stimulated by autoreactive T cells. These B cells, which show &3
normal phenotype at day 70 postimmunization, are functionally, ,
normal, since they respond normally to further immunization with

a T-dependent protein Ag (FigB9.

The adoptive transfer experiments demonstrate that the Ig-spéEa ’
cific autoreactive T cells induced by maleyl-lg immunization can
drive normal B cells to Ig secretion without the continuing pres-
ence of maleyl-lg (Fig. 6D). These experiments are also supporte
by data on adoptive transfer of T cells from variously immunized
donors into nude mice (data not shown). However, this property i’
lost by 10 wk postimmunization, so that there seem to be no auzg
toreactive Ig-specific T cells left by this time point (Figdp In
fact, reimmunization of the recipients shows that, although a transt®-
ferred naive T cell repertoire (from the Ig-immunized mice) is
perfectly capable of responding against a first exposure to maleyko.
Ig, previous experience with maleyl-lg renders the T cells taken2
from maleyl-lg-immune mice unable to mount an autoreactive re-
sponse again (Fig. 7). Clearly, the induction of anti-Ig T cell au-
toreactivity is followed by rapid inactivation of the Ig-specific T 22
cells making the mice tolerant to further autoimmunization. Pe-»3.
ripheral induction of T cell tolerance following activation has been
documented in many instances such as with superantigens (52, 523)
where T cell activation is followed by clonal exhaustion and apo-
ptotic cell death. It is quite plausible that presentation of Ig-derived?s.
peptides in large amounts by activated B cell APCs might result i
hyperstimulation of Ig-specific T cells leading to similar functional
inactivation. However, it is also possible that autoreactive T cells
are being subjected to some regulatory mechanism such as “infeé!"
tious tolerance” (54), since the maleyl-Ig-specific T cell response
triggered in the recipients from the reconstituting endogenous 18-
cells appears to be poor even 42 days after transfer (Fig. 7).

These data clearly show that immunization with a maleylatecko.
self-protein can bring about a break in T cell self-tolerance with
autoimmune consequences in vivo. Whether the Ag is endogenous
to professional APCs or not may be an important factor for deterso.
mining the pathologic effects of such a break in tolerance. How-
ever, the very fact that endogenous Ag is presented in high enoug
concentrations to induce detectable effects in vivo may lead to
clonal exhaustion of the autoreactive T cells, limiting the duration
of the consequences induced. It is attractive to speculate that this
may be a factor contributing to the relapse and remission progres-
sion of many autoimmune diseases.
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